The chemical and ultrastructural architecture of the cell wall of Epidermophyton floccosum was investigated by extraction of the purified cell walls with alkali and/or acid, then by analysing the residues and extracts by gas liquid chromatography, X-ray diffraction and electron microscopy. The cell wall of E. floccosum appeared to be two layers: microfibrils and an amorphous matrix. The microfibrils as observed here are composed of chitin and a glucan in the core, and an alkali-insoluble, acidsoluble polysaccharide enveloping the chitin core. The amorphous matrix was also observed as a fine granular material, which is an alkali-soluble, 4 N-acetic acid-insoluble polysaccharide containing glucose, mannose and galactose. A schematic model of the cell wall is proposed and discussed.
INTRODUCTION
Although the cell wall architecture of fungi has been studied1)2)14), the chemical and morphological integrity of filamentous fungi, especially dermatophytes, is not yet well understood. Fungal cell walls are believed to be composed of two layers7)13); 1) microfibrils of chitin4)7)8)16), glucan18), cellulose13), protein or their complex17), and 2) an amorphous matrix of glucan, mannan, protein or their complexes7)9)17). Earlier, we visualized ultrastructure of the microfibrils of chitin and glucan, in relation to an amorphous matrix containing glucan, galactomannan and peptides present in different fractions of the cell walls of Trichophyton mentagrophytes5) 10). The previous paper described a technique for isolating highly purified cell walls from Epidermophyton floccosum and the chemistry of the isolated cell walls especially in respect to chitin11). The present communication presents, further information of the cell wall intergrity of E. floccosum, focusing on the localization of carbohydrate polymers, especially chitin within the cell wall, by means of gas liquid chromatography, X-ray diffraction and acid-hydrolysis.
We also discuss fungal cell wall architecture and a model of E. floccosum cell wall.
MATERIALS AND METHODS
Organism and Growth E. floccosum TEF-30 was grown for 5 days at 28C in shake-flasks containing 250 ml of Sabouraud's medium (4% glucose, 1% BBL polypeptone) 0.5% yeast extract. The filamentous mycelia were harvested by filtration and washed several times with distilled water.
Isolation and Purlcation of the Cell Walls
Cell walls were prepared by the same method as used before11), in which the fungal cells were disrupted by the Ribi cell fractionator, then the cell walls were purified by SDS-treatment, sonication and washing with 0.85% NaCl solution and distilled water. Purity of the preparations was confirmed by scanning and conventional electron microscopy.
Fractionations of the Isolated Cell Walls by Alkali-and/or Acid treatment
The procedure for extracting cell walls with alkali and/or acid is presented in Fig. 1 . Five grams of the cell walls were dispersed homogenously in 500 ml of 1 N-NaOH or 4 N-acetic acid by sonication and transferred to a Soxhlet timbls, in which the cell walls were extracted at 100C for 5 h. Insoluble residues were spun down and washed thoroughly with water until the washings became neutral. The 4 N-acetic acid-insoluble residue was subsequently extracted with 1 N-NaOH under the condition as above and then the 4 N-acetic acid-and 1 N-NaOH-insoluble residue was obtained by centrifugation.
On the other hand, the 1 N-NaOH-and 1 N-HCl-insoluble residue was obtained as above. In some cases, soluble fractions were saved and precipitated with cold (-20C) abolsute ethanol. Each residue was lyophilized, stored in a desiccator over P2O5, and used for chemical analysis and electron microscopy.
Electron Microscopy
The lyophlized samples were dispersed thoroughly in distilled water by sonication. A drop of the suspension was then dried on a Formvar-coated grid. The grids on which the samples were spread in monolayer were shadowed at a 35 angle with platinum and palladium (4:1) and observed with an electron microscope (Hitachi, HS-8 type).
For thin section electron microscopy, samples were fixed for 3 h with 1% potassium permanganate.
buffered with veronal acetate at pH 7.4, dehydrated in a graded series of acetone, and embedded in a mixture of methyl nardic anhydride and Epon 812 (Shell Chemical Co.,). After ultra-thin sections were made with Ultrome (LKB) fitted with glass knives, they were doubly stained with uranium acetate and lead hydroxide.
X-ray Diffraction Analysis
The dried intact and alkali and/or acid treated cell wall fractions were crushed in a mortar. X-ray diagrams were obtained by use of a copper (CuK) radiation tube with a nickel filter (Toshiba Diffpet ADG-301 type), operating at 30 kV and 13 mA, An authentic sample of lobster chitin (Seikagaku Fine Chemicals, Tokyo) was treated identically.
Chemical Analysis
Total carbohydrate content was determined by the anthrone method15)with glucose as standard.
Quantitative analysis of the individual monosaccharides by GLC was performed as prevously reported12); methanolysis with 10% dry HCl methanol and trimethylsilylation with TMS-HT (a mixture of pyridine, hexamethyldisilazane and hexamethylchlorosilane, 10:2:1, Tokyo Kasei). Amino sugars were estimated by a modified method of Elson-Morgan10); hydrolysate for the estimation was obtained by treating 10 mg of the cell wall with 2 ml of 6 N-HCl in a sealed ampoule at 100C for 4 h.
Protein was measured with the Folin-Ciocalteu reagent using bovine serum albumin as standard6).
RESULTS
Shadowed cell walls exhibited various types of surface features but the outer surface with round projections of granules were most frequently observed (Fig. 2a) . In some cases, the compactedly interwoven fibrous texture with bundles of microfibrils were seen (Fig. 2b) . In contrast, the inner surface showed the loosely interwoven fibrous structure composing of long and thin microfibrils (Fig. 3 ). Thin sections of the intact cell walls showed three layers: 1) very electron dense, 2) electron lucent, and 3) electron moderately dense layers, oriented from the exterior toward the interior (Fig. 4) . The electron dense outermost layer varies in thickness. This might cause roughness of the outer surface structure of the shadowed cell wall (Fig. 2a) .
Treatment of cell walls with 1 N-NaOH led to disappearance of the amorphous matrix, thereby exposing much clearly the microfibrillar network, especially on the inner surface (Fig. 5 ). These microfibrils are fairly uniform in thickness, 15-20 nm. A similar phenomenon was seen on the outer surface. Subsequent treatment of the alkali-insoluble residue with 1 N-HCl at 100C for 5h appeared to dissolve the long, thick microfibrils and revealed a rod-like microcrystalline structure of chitin (Fig. 6 ), which was chemically confirmed by X-ray diffraction (Fig. 9 ).
On the other hand, 4 N-acetic acid-extraction of intact cell walls produced a remarked change in the surface structure: disappearance of the microfibrillar network structure and appearance of amorphous material consisting of fine granules, 5-6 nm in diameter (Fig. 7) . In some areas, the fibrous structure could be seen through the amorphous material. Subsequently, the 4 N-acetic acid-extracted residue was treated with 1 N-NaOH (100C, 5 h), thereby almost completely removing the amorphous material, and exposing again the fibrous structure (Fig. 8) . However, the needle-like, microfibrils thus obtained seemed different in thickness and length from those observed on the inner surface of cell walls after treatment with alkali alone (Fig. 5) . Table 1 Round projections and granules are observed on the fibrous network structure. b) Compactedly interwoven network structure with bundles of microfibrils. Arrows indicate the bundles of microfibrils. Scale indicates 0.1 pm. Fig. 3 . Electron micrographs of shadowed purified cell walls of E. floccosum, showing a loose, fibrillar network consisting of thin, long microfibrils with a fine granular, amorphous matrix. Scale indicates 0.1 pm. Fig. 4 . Thin sections of E. floccosum purified cell walls fixed with 1% permanganate for 3 h. Outer layer is very electron dense, middle layer is electron lucent, and inner layer is moderately electron dense. Scale indicates 0.5pm. The fibrous structure appears again. These microfibrils are short and needle-like. Chemical composition of this fraction: 70% chitin and 22% glucan. Scale indicates 0.1 gm.
residue, observed as needle-like microfibrils by electron microscopy, contained 22% glucan and 70% N-acetylglucosamine (chitin, Fig. 9 ). The decrease in % neutral sugar might be due to removal of the amorphous material shown in Fig. 7 . The presense of chitin in the residues was indicated by the X-ray diffraction analysis as shown in Fig. 9 . . X-ray diffraction spectra of the 1 NNaOH-and 1 N-HCl-treated cell wall residues, the 4 N-acetic acid-and 1 N-NaOH-treated residues and the intact cell walls of E. floccosum. A; authentic chitin, B; 1 N-NaOH-and 1 NHCl-resistant residue, C; 4 N-acetic acid-and 1 N-NaOH-resistant residue, D; intact cell walls. DISCUSSION It is generally agreed that the fungal cell wall has two morphological components7)8)13); microfibrils and an amorphous matrix which consist of polysaccharides, proteins and lipids. We have reported that the cell wall of E. floccosum also containd 31% chitin and 46% neutral sugar (glucose: mannose=7:1)11).
Electron micrographs of shadowed, untreated cell walls suggest that the microfibrils are assembled compactedly in the exterior layer and loosely in the interior layer of the cell wall (Fig. 2, 3 ). This is further confirmed by the surface appearance of the first aikal itreated cell walls that have wider interspaces between microfibrils in the interior surface than the exterior (Fig. 5) .
Removal of the amorphous matrix by the first alkali-treatment indicates that the amorphous matrix is an alkali-soluble material which was proved by GLC to contain polysaccharides composed of glucose, mannose, and galactose, 1:1:0.2 in ratio. a In the case of Trichophyton mentagrophytes as well as E. floccosum, galactose was mainly found in the alkali-soluble fraction3)5).
Masking of the microfibrils (Fig. 7) by the acetic acid-treatment despite the existence of needle-like microfibrils underneath may be due to dissolving some exterior portions of the microfibril but none of the amorphous matrix with acetic acid. Therefore it seems more likely that the amorphous matrix is rich in the acetic acid-treated cell wall residue, especially in the inner surface, and that this amorphous matrix covers and obscures the microfibrils of the residue. Chemically, too, the amount of chitin in this residue was smaller than in the alkali-treated cell wall residue ( Table 1) . As noted, it may be that a fine granular, amorphous material, which is alkali-soluble, exists as the matrix embedding the fibrillar network in the cell wall. Similar alkali-soluble, amorphous polysaccharides have been reported as the matrix in other fungal cell walls7)9)17).
After 1 N-NaOH and 1 N-HCl-treatment, chitin crystals were exposed and concomitantly long microfibrils (seen in Fig. 5 ) disappeared (Fig. 6 ). It can be suggested that chitin crystals comprise the core or the long microfibrils. Furthermore, the finding of needle-like microfibrils composed of 70% chitin and 22% glucan (obtained by 4 N-acetic acid and 1 N-NaOH treatment) may suggests that there is a glucan in direct connection with chitin crystals in the core of the microfibril. X-ray 
diffraction of the needle-like microfibril fraction confirmed the presence of crystalline chitin. As for the localization of chitin, therefore, it is probable that chitin crystals exist in the core of the microfibril in direct connection with a glucan and are enveloped with polysaccharides which were solubilized by 4 N-acetic acid but not by 1 N-NaOH treatment.
A tentative model of the E. floccosum cell wa-ll is proposed (Fig. 10) . The microfibrils (which are shown schematically in Fig. 11 ) containing chitin, a glucan and protein-rich polysaccharides form a compact network in the outer layer of the cell wall and a loose network in the inner layer. Fine granular, amorphous polysaccharides composed of glucose, mannose and galactose fill the interspaces of the microfibrils, especially so in the interstices of the loose, inner network.
